␥-Glutamyl transpeptidase (GGT) plays critical roles in glutathione homeostasis and metabolism. Rat GGT is a single-copy gene from which seven types of GGT mRNA with a common protein encoding sequence, but different 5-untranslated regions, may be transcribed. We previously showed that type V-2 was the predominant form of GGT mRNA in rat L2 epithelial cells, and that it could be induced by 4-hydroxynonenal (HNE) through the electrophile response element (EpRE) located in GGT promoter 5 (GP5). Here, we report transcription factors binding to GP5 EpRE and the involved signaling pathways. Immunodepletion gel shift assays demonstrated that GP5 EpRE bound JunB, c-Jun, FosB, and Fra2 from unstimulated cells, and that after exposure to HNE, EpRE binding complexes contained nuclear factor erythroid 2-related factor (Nrf) 1, Nrf2, JunB, c-Jun, FosB, c-Fos, Fra1, and Fra2. HNE-induced binding of Nrf2 and c-Jun in GP5 EpRE was confirmed by chromatin immunoprecipitation assays. Using reporter assays and specific inhibitors, we found that HNE induction of rat GGT mRNA V-2 was dependent on activation of extracellular signal-regulated kinase (ERK) and p38 mitogen-activated protein kinase (MAPK), but not protein kinase C or phosphatidylinositol 3-kinase. Pretreatment with ERK and p38MAPK inhibitors also blocked HNE-increased EpRE binding. HNE-increased nuclear content of Nrf1, Nrf2, and c-Jun in L2 cells was partially blocked by inhibition of either ERK1/2 or p38MAPK and completely blocked by simultaneous inhibition of both MAPKs. In conclusion, HNE induces GGT mRNA V-2 through altered EpRE transcription factor binding mediated by both ERK and p38MAPK.
crease GGT expression in various cells and tissues, including lung (10) (11) (12) (13) . We have previously reported that GGT was induced by redox-cycling quinones and the lipid peroxidation product 4-hydroxynonenal (HNE) in rat lung type II (L2) cells (14) (15) (16) (17) (18) , and have been interested in defining the underlying mechanism(s). The rat GGT gene exists as a single copy, the expression of which is regulated by five tandemly arranged promoters that generate seven transcripts having different 5Ј-untranslated regions but the same protein coding sequence (19) . Recently, we found that mRNA V-2 was the major form of GGT mRNAs that were induced by HNE in rat L2 cells (18) , and its induction was mediated through the electrophile response element (EpRE) located in the proximal region of GGT promoter 5 (GP5) (Zhang and colleagues, unpublished data).
EpRE (also called antioxidant response element) was first identified in the promoter of rat glutathione S-transferase Ya (alpha form) (20, 21) . It is now known that EpRE plays a critical role in the constitutive and oxidative/electrophilic stress-induced expression of many antioxidant and phase II enzymes, including reduced nicotinamide adenine dinucleotide phosphate: quinone oxidoreductase-1 (22) , heme oxygenase-1 (23) , and glutamate cysteine ligase (GCL) (24, 25) . Many transcription factors have been reported to bind to EpRE, including nuclear factor erythroid 2-related factor (Nrf) 1, Nrf2, c-Jun, JunB, JunD, c-Fos, Fra1, Fra2, and small avian musculoaponeurotic fibrosarcoma (Maf) proteins (26) (27) (28) (29) (30) . Among them, Nrf2 is a basic leucine zipper protein belonging to the cap "n" collar family of transcription factors and is a well established player in EpRE signaling. Under unstimulated conditions, Nrf2 is sequestered in the cytosol through association with Kelch-like ECH-associated protein1 (Keap1), which anchors it to the cytoskeleton. Recently, it was found that Keap1 could function as ubiquitin-E3 ligase and mediate the constant degradation of Nrf2 by the proteosome system (31, 32) . Upon exposure of cells to electrophiles, Nrf2 is dissociated from Keap1 and escapes degradation. Released Nrf2 is then translocated to the nucleus, where it forms heterodimers with other leucine zipper proteins, such as c-Jun and small Mafs, and binds to EpRE (33) (34) (35) . Another Nrf family member, Nrf1, has also been found to be involved in phase II and antioxidant gene induction (36, 37) . Nrf1 contains an Nrf2-ECH homology 2 (Neh2) domain that is the same domain through which Nrf2 associates with Keap1, suggesting the possibility that it may also associate with Keap1 and follow regulatory pathways similar to those followed by Nrf2.
Several signaling pathways, including extracellular signalregulated kinase (ERK), p38 mitogen-activated protein kinase (MAPK), c-Jun N-terminal kinase (JNK), protein kinase C (PKC) and phosphatidylinositol 3-kinase (PI3K), have been shown to be involved in EpRE-mediated gene induction (34, (38) (39) (40) (41) (42) (43) . These signaling kinases may regulate EpRE activity through Nrf2. Some reports suggest that the phosphorylation of Nrf2 by PKC is critical for Nrf2-Keap1 dissociation and Nrf2 activation (40, 44) . As for the involvement of MAPK pathways in Nrf2 activation, Zipper and Mulcahy (45) found that ERK and p38MAPK were not involved in Nrf2 dissociation, but only mediated Nrf2 nuclear translocation, and this was unrelated to Nrf2 phosphorylation. They propose that, instead of acting on Nrf2 itself, MAPK may indirectly increase Nrf2 nuclear translocation by phosphorylating unknown factors related to Nrf2 nuclear translocation.
Driven by our previous finding that GGT mRNA V-2 was induced through EpRE, we continue here to investigate the transcription factors that bind to the electrophile response element in rat GP5 EpRE in response to HNE treatment, and to define the upstream signaling pathways leading to GP5 EpRE activation. Our results suggest that Nrf1, Nrf2, c-Jun, JunB, FosB, c-Fos, Fra1, and Fra2 are components of the GP5 EpRE/protein complex after HNE exposure in L2 cells, and that the increased nuclear content of Nrf1, Nrf2, and c-Jun is mediated through both ERK and p38MAPK pathways.
MATERIALS AND METHODS

Chemicals and Reagents
Unless otherwise noted, all chemicals were from Sigma (St. Louis, MO). HNE was purchased from Cayman Chemical (Ann Arbor, MI). Antibodies were from Santa Cruz (Santa Cruz, CA). Basic pGL3 luciferase vector, competent cells, gel shift assay kit, luciferase activity assay kit, and restriction enzymes were from Promega (Madison, WI). Chromatin immunoprecipitation (ChIP) assay kit was from Upstate (Chicago, IL). FuGENE 6 transfection reagent was from Roche (Indianapolis, IN). M-PER mammalian protein extraction reagent and NE-PER nuclear extraction reagent were from Pierce (Rockford, IL). Kinase inhibitors were purchased from Calbiochem (La Jolla, CA). All chemicals used were at least analytical grade.
Cell Culture and Treatments
L2 cells (from the American Type Culture Collection) were cultured in F-12K medium (Life Technologies, Grand Island, NY) supplemented with 10% FBS, 100 U/ml penicillin, and 100 g/ml streptomycin in a humidified incubator containing 5% CO 2 at 37ЊC.
HNE was dissolved in ethanol, and the final concentration of ethanol in the medium was 0.05%. L2 cells were treated at ‫ف‬ 90% confluence with HNE. Cells were rinsed with cold PBS before being harvested using rubber policemen.
Western Blotting Assay
Western blotting was performed as described previously (46) . Briefly, protein was extracted, and 25 g protein was heated for 15 min at 95ЊC in a 2ϫ loading buffer containing SDS (Tris base, pH 6.5, glycerol, DTT, and pyronin Y), electrophoresed under denaturing conditions on a 10% Tris-glycine acrylamide gel (Invitrogen, Carlsbad, CA), and then electroblotted onto a polyvinylidene difluoride (PVDF) membrane (Immobilon P; Millipore, Bedford, MA). Membranes were blocked with 5% fat-free milk at room temperature for 1 h, and then incubated overnight at 4ЊC with appropriate primary antibody in 5% milk in Trisbuffered saline (TBS). After being washed with TBS containing 0.05% Tween 20 (TTBS), the membrane was incubated with appropriate secondary antibody at room temperature for 2 h. After TTBS washing, the membrane was treated with an enhanced chemiluminescence (ECL Plus; Amersham, Arlington Heights, IL) reagent mixture for 5 min. The target bands were imaged on a Kodak Image Station 2000R (Eastman Kodak Co., New Haven CT).
Plasmids
A DNA fragment of GP5 was amplified using primer pairs with specific nuclease digestion site, with DNA from L2 cells as the PCR template.
The reverse primer was 5Ј-GCTAGATCTTGTCTT TGTGCTACTG-3Ј (Bgl II), and the forward primer was 5Ј-CTACGC GTGGATGGATA GATAGATA-3Ј (Mlu I). GP5 (Ϫ645/ϩ18)-Luc was made by cloning the digested PCR product into basic pGL-3 luciferase vector.
Transfection Procedure and Assay of Luciferase and ␤-Galactosidase Activity
Cells (70-80% confluence) were transfected with plasmids by using FuGENE 6 transfection reagent (Roche), and ␤-galactosidase plasmid (1/10 of total amount of plasmids) was cotransfected as an internal control. Twelve hours after transfection, the medium was replaced; 24 h later, the cells were treated with and without HNE. The cell pellet was lysated with M-PER mammalian protein extraction reagent (Pierce) and centrifuged at 12,500 ϫ g for 5 min. The supernatant was then used for determination of the activity of luciferase and ␤-galactosidase.
To determine the ␤-galactosidase activity, 25 l of supernatant was added to a reaction mixture containing 300 M 4-methyllumbelliferyl ␤-D-galactoside. After incubation at room temperature for 20 min with shaking, ␤-galactosidase activity was determined in a fluorescence microplate reader (Molecular Device Corp., Sunnyvale, CA) at an excitation wavelength of 360 nm and an emission wavelength of 450 nm.
For the luciferase assay, a luciferase assay kit (Promega) was used. Briefly, 20 l of cell lysate was added to the reaction mixture provided in the kit, and luciferase activity was determined in a luminometor (Berthold Detection Systems, Pforzheim, Germany). The final luciferase activity was normalized with the activity of cotransfected ␤-galactosidase.
Electrophoretic Mobility Shift Assay
Electrophoretic mobility shift assay (EMSA) was performed as described previously (47) . Briefly, nuclear extracts were prepared from L2 cells treated with or without HNE using NE-PER nuclear extraction reagent (Pierce). A total of 8 g nuclear extract was preincubated in a gel shift binding reaction containing 4% glycerol, 1 mM MgCl 2 , 0.5 mM EDTA, 4 mM DTT, 50 mM NaCl, 10 mM Tris-HCl (pH 7.5), and 0.2 g poly (dI-dC) at room temperature for 10 min before 32 P-␥-ATP end-labeled double-stranded oligonucleotides were added. Samples were then incubated for an additional 20 min at room temperature. The samples were electrophoresed in 6% DNA retardation gel at 150 V for 2-3 h. Gels were dried and scanned with the Cyclone Storage Phosphor System, and the total counts were quantified with OptiQuant Image analysis software (Packark Instrument Co., Meriden, CT). The sequence of the sense oligonucleotide used was 5Ј-GTAC CCACAAT GACACAGCAAGAAAGCCT-3Ј.
Immunodepletion EMSA Assay
To determine the EpRE binding proteins, 4 g of antibodies against specific proteins were added to the EMSA reaction mixture and incubated for 1 h at room temperature before radiolabeled oligonucleotides were added. Because the addition of antibodies produced bands that have principally decreased intensity of DNA binding (immunodepletion) rather than producing a clear shift, the decrease in the intensity of the bands was used for quantitation (47, 48) . An antibody to the p65 component of NF-B was used to demonstrate that the decrease in binding was not a result of nonspecific interaction.
ChIP Assay
ChIP assays were performed by following a protocol provided with the kit from Upstate. Briefly, cells were incubated with formaldehyde by directly adding it into the medium (1% final concentration) at room temperature (49) for 10 min. The cell pellet was then lysed on ice for 10 min and sonicated under conditions that cause DNA to be broken into 200-to 800-bp fragments. Sonicated cell lysate was precleared with 75 l of salmon sperm DNA/agarose, and the supernatant was used for immunoprecipitation with antibodies to specific transcription factors overnight at 4ЊC. The protein/DNA complex was eluted from agarose in elution buffer; the DNA/protein complex was reversed by adding 5 M NaCl and incubating the mixture at 65ЊC for 4 h. The DNA was extracted with phenol:chloroform:isoamyl alcohol (25:24:1). Primers used for PCR in the ChIP assay were forward, 5Ј-CAGTACGTGGAAATCC TTATCA-3Ј, and reverse, 5Ј-GTGGA ATAGAGTGGGAGCAT-3Ј.
Statistical Analysis
SigmaStat software (SPSS Science, Chicago, IL) was used for statistical analysis, and statistical significance was accepted when P Ͻ 0.05. Comparison of variants between experimental groups was performed with ANOVA and Tukey's test.
RESULTS
Identification of Transcription Factors Binding to GP5 EpRE by Immunodepletion EMSA Assay
Previously, we demonstrated that mRNA V-2, one of the major GGT transcripts expressed in rat lung, was induced by HNE through the EpRE motif in the proximal region of GP5 EpRE in rat lung L2 cells (Zhang and colleagues, unpublished data).
By using antibodies against transcription factors known to bind EpRE in other genes, we performed an immunodepletion gel shift assay to determine the nuclear proteins binding GP5 EpRE. In this assay, an interaction between the antibody and the protein interferes with the ability of the protein to bind DNA, and this causes a decrease in the EpRE complex when the target protein is present (immunodepletion). Under resting conditions, the intensity of the DNA/protein complex was reduced by the presence of antibodies against JunB, c-Jun, FosB, and Fra2 ( Figure 1A ), suggesting that these transcription factors may constitutively bind GP5 EpRE. The intensity of the HNEinduced EpRE complex was significantly decreased by antibodies against Nrf1, Nrf2, FosB, c-Fos, JunB, c-Jun, Fra1, and Fra2 ( Figure 1A ), indicating their presence in the complex after HNE stimulation. If the immunodepletion efficiency is assumed to be 100% (because the addition of antibody could completely abrogate DNA binding capability of the target protein), the percentage of immunodepletion should represent the relative amount of the protein in the EpRE complex. Thus, more than 90% of the HNE-stimulated complex contained Nrf1 and Nrf2 together; ‫ف‬ 75% of the HNE-stimulated complex contained JunB and c-Jun, and 60% of the HNE-stimulated complex contained Fra2, a Fos family member ( Figure 1B ). Bands were not depleted completely by the antibodies because the protein complexes bound to the EpRE are composed of a mixture of dimers. Thus, dimers containing combinations of transcription factors other than the one with which the antibody reacts are not depleted. So, our assumption was that any antibody to a particular transcription factor, X, was 100% effective in decreasing complexes containing X, whereas any remaining band contained complexes that did not contain X.
Confirmation of EpRE Binding Proteins In Vivo by ChIP Assay
The gel shift assay (EMSA) determines the potential protein association with a particular DNA cis-element sequence ex vivo, but it may not reflect what actually occurs at the cis-element in a specific promoter in vivo. To confirm the binding of Nrf2 and c-Jun to GP5 EpRE in vivo, we performed ChIP assays. As shown in Figure 2A , after HNE exposure, the recruitment of Nrf2 and the binding of c-Jun to the promoter (GP5 EpRE) were increased significantly. These data confirm that Nrf2 and c-Jun are two of the proteins bound to GP5 EpRE, and their binding was increased after HNE treatment. Figure 2B shows that, in a negative control experiment, activating transcription factor (ATF) 2 was not part of the HNE-induced EpRE complex, but that Nrf2 was.
PD98059 and SB203580 Inhibit HNE-Induced GP5/reporter Transgene Expression
We reported previously that both ERK and p38MAPK pathways were involved in HNE-mediated GGT induction in L2 cells, and that V-2 was the major type of GGT mRNA induced by HNE (18); however, the direct connection between ERK, p38MAPK, and HNE induction of GGT mRNA V-2 has not been established. To investigate this, GP5 (Ϫ645/ϩ18)-Luc, a reporter plasmid that contains the proximal region of rat GP5 and has been shown to respond to HNE treatment (Zhang and colleagues, unpublished data) was used. L2 cells transiently transfected with GP5 (Ϫ645/ϩ18)-Luc were pretreated with and without MAPK inhibitors for 1 h before HNE exposure. PD98059 and SB203580, an ERK inhibitor and a p38MAPK inhibitor, respectively, had no inhibitory effect on basal luciferase expression, but significantly reduced HNE-induced luciferase activity from 1.7-fold to 1.3-fold ( Figure 3A) . In cells pretreated with PD98059 and SB203580 simultaneously, HNE-induced luciferase activity was completely eliminated. At a concentration that completely inhibits JNK activity (18), a c-Jun N-terminal kinase inhibitor, JNKi, had no effect on HNE-induced transgene expression. Although PKC and PI3K are involved in EpRE-mediated gene induction in other systems, various PKC and PI3K inhibitors had no inhibitory effect on HNE-mediated transgene induction in L2 cells ( Figure 3B ). These data reveal that both ERK and p38MAPK, but not PKC or PI3K, are involved in HNE-mediated GP5 activation.
Because EpRE is essential for HNE-mediated GP5 activition (Zhang and colleagues, unpublished data), we next determined whether ERK and p38MAPK participate by regulating the alteration of the GP5 EpRE complex. Without inhibitor pretreatment, HNE induced a significant increase in the EpRE DNA/ protein complex. Pretreatment with either PD98059 or SB203580 markedly reduced HNE-mediated increase of the EpRE DNA/ protein complex ( Figure 3C ). This suggests that MAPKs may regulate EpRE signaling through affecting the binding of transcription factors to EpRE.
Effects of MAPK Inhibitors on the Nuclear Content of EpRE Binding Proteins
To study how ERK and p38MAPK are involved in GP5 EpRE signaling and which EpRE binding proteins are affected by activation of these MAPKs, we further investigated the nuclear content of some EpRE binding proteins with and without MAPK inhibitor pretreatment. As shown in Figure 4 , exposure to 15 M HNE significantly increased the content of Nrf1, Nrf2, and c-Jun in the nucleus, but had no effect on that of JunB, Fra1, and Fra2. Pretreatment with either 50 M PD98059 or 10 M SB203580 partially reduced the HNE-mediated increase in nuclear Nrf1, Nrf2, and c-Jun. When L2 cells were simultaneously pretreated with PD98059 and SB203580, the HNE-mediated nuclear increase of Nrf1, Nrf2, and c-Jun was abrogated. Neither inhibitor affected the nuclear content of JunB, Fra1, and Fra2, which were # P Ͻ 0.01 compared with HNE alone, n ϭ 3. (B ) PKC and PI3K inhibitors have no effect on HNE-mediated transgene induction. L2 cells were transiently transfected with GP5 (Ϫ645/ϩ18)-Luc for 24 h and pretreated with inhibitors for 1 h before being treated with and without HNE. Luciferase activity was determined 24 h after HNE treatment, and transfection efficiency was controlled by normalization with cotransfected ␤-galactosidase activity. (C ) PD98059 and SB203580 eliminated the HNEmediated increase of the EpRE complex. After pretreatment with inhibitors, L2 cells were treated with and without 15 M HNE for 1 h and nuclear extracts were prepared. Synthetic oligonucleotides containing GP5 EpRE were end-labeled and incubated with nuclear extract, and the DNA/protein complex was analyzed by EMSA. MAPKi, MAPK inhibitor.
involved in the EpRE complex in response to HNE. These data suggest that ERK and p38MAPK may regulate GP5 EpRE activation by affecting the nuclear content of Nrf1, Nrf2, and c-Jun in L2 cells.
DISCUSSION
In the present study, we used immunodepletion gel shift assays to show that the transcription factors binding to EpRE of rat GP5 in unstimulated conditions include JunB, c-Jun, FosB, and Fra2, and that HNE exposure caused a significant increase in EpRE binding activity and changes in the composition of the binding complex, which was composed of Nrf1, Nrf2, JunB, c-Jun, c-Fos, FosB, Fra1, and Fra2 (Figure 1) . We also confirmed the increased binding of Nrf2 and c-Jun to GP5 EpRE after HNE treatment in vivo (Figure 2 ). All of these transcription factors have previously been reported to bind EpRE in other genes. Among them, Nrf1, Nrf2, JunB, and c-Jun have been reported to positively regulate gene expression; there is evidence that c-Fos and Fra1 are negative regulators of gene expression (28, 50) . Nrf1 and Nrf2 are basic leucine zipper proteins that do not form a homodimer or heterodimer with each other, and need other leucine zipper proteins to be active (51, 52) . For example, Nrf1 and Nrf2 have been reported to associate with Jun proteins and positively regulate EpRE activity (50) . Fra2 accounts for 60% of the GP5 EpRE complex, suggesting that Fra2 may associate with Nrf, Jun, or other proteins in the complex. Previously, Fra2 has been found to heterodimerize with small Maf proteins (Maf F/K/G) and bind to EpRE (53, 54) , although its role in EpRE-mediated gene induction remains to be determined. Compared with other Fos proteins in the EpRE complex (Fra1 and Fra2), FosB and c-Fos together contribute ‫ف‬ 40% of the complex after HNE stimulation. Whether FosB and c-Fos positively regulate GP5 EpRE, however, needs further study.
Using reporter assays, we demonstrate that both ERK1/2 and p38MAPK were positively involved in EpRE-mediated induction of promoter 5 activity by HNE ( Figure 3A) . We also found that PD98059 and SB203580, which are ERK and p38MAPK pathway inhibitors, respectively, decreased HNE-induced EpRE/ protein complexes ( Figure 3C ). Both results suggest the involvement of ERK1/2 and p38MAPK in the regulation of HNE-induced GP5 EpRE activity in L2 cells. This finding is consistent with a report by Zipper and colleagues (34) , who found that inhibition of ERK1/2 or p38MAPK additively blocked pyrrolidine dithiocarbamate-induced EpRE/protein binding complex and GCL transgene expression in human hepatocellular liver carcinoma cell line (HepG2) cells. In another study, Yu and coworkers also showed that the EpRE signaling could be attenuated by PD98059 and dominant negative ERK2 in HepG2 cells (55) . Although p38MAPK was found to negatively regulate EpRE-mediated expression of murine glutathione S-transferase A1 in HepG2 and Hepa1c1c7 cells (56) , its negative role in the regulation of EpRE was not consistently observed in other reports. Another MAPK, JNK, which has been shown to be activated by HNE (18, (57) (58) (59) (60) and to be involved in EpRE-mediated gene induction (46) , is not responsible for HNE induction of GGT in L2 cells (18) . Although PKC and PI3K have been reported to be involved in EpRE-mediated gene induction (39, 43, (61) (62) (63) , they are not involved in HNE induction of GP5 EpRE in L2 cells ( Figure  3B ).
Upon exposure to HNE, Nrf2 is activated (as measured by increased nuclear content) through both the ERK and p38MAPK pathways (Figure 4) , but not the PKC or PI3K pathways (data not shown). The process of Nrf2 activation includes dissociation from Keap1, nuclear translocation, dimerization, and binding to EpRE. All these steps are thought to be regulated in a concerted way for Nrf2 activation. The two mechanisms that have been proposed for Nrf2-Keap1 dissociation are Nrf2 phosphorylation and Keap1 modification. Huang and colleagues found that inhibition of PKC blocked Nrf2 phosphorylation and nuclear accumulation induced by tert-butylhydro-quinone in HepG2 cells (44) without an effect on Nrf2 nuclear translocation (64) . A mechanism for this was defined in a report from Bloom and Jaiswal (40) , who showed that phosphorylation of Nrf2 at Ser40 by PKC was necessary for release of Nrf2 from Keap1, but that PKC was not required for Nrf2 stabilization/accumulation. The alternative hypothesis of Nrf2 liberation, via modification of Keap1, proposes that the active thiol groups on Keap1 could act as oxidative stress sensors and that modification of the thiol groups by ROS or electrophiles disrupts the Nrf2-Keap1 complex and leads to Nrf2 activation. This hypothesis is supported by evidence of constitutive Nrf2 activation when the active cysteine residues on Keap1 are mutated (35, 65, 66) , and by the conjugate formation between Keap1 and electrophiles through the proposed sulfhydryl groups (67) . The HNE-induced Nrf2 activation in L2 cells could be explained by the Keap1 modification theory. Although Numazawa and coworkers showed that atypical PKC iota was involved in Nrf2 phosphorylation and nuclear translocation by HNE (63), pretreatment with PKC inhibitors decreased neither GP5 EpRE-mediated gene induction ( Figure 3B ) nor HNE-stimulated Nrf2 nuclear translocation (data not shown) in L2 cells. Although PKC has been reported to be involved in Nrf2-Keap1 dissociation, Keap1-HNE conjugation (67) may not require participation of PKC.
Our finding that ERK1/2 and p38MAPK were involved in HNE-induced Nrf2 nuclear accumulation in L2 cells (Figure 4 ) is similar to that of a previous report by Zipper and Mulcahy (45) , who found that pyrrolidine dithiocarbamate-induced Nrf2 nuclear localization could be diminished by inhibiting either ERK or p38MAPK alone, and could be abrogated by inhibiting both kinases. Because ERK and p38MAPK are not involved in the release of Nrf2 from Keap1 (68), and phosphorylation of Nrf2 was not required for Nrf2 transactivation (45, 69) , a new target of signaling kinases, cAMP response element binding protein (CREB)-binding protein (CBP, or CREB-binding protein) was proposed. Cotransfection of CBP and MAPK kinase synergistically increased Nrf2 activity (69) . Indeed, CBP has been reported to bind to Nrf2 transactivation domain (70) , and it could be phosphorylated by ERK (71) (72) (73) (74) (75) (76) . CBP also functions as the coactivitor of c-Jun (77), another EpRE binding protein identified in this report. Interestingly, phosphorylation of CREB, the coactivator of CBP, could be mediated by ERK/ribosome S6 kinase or p38MAPK/MAPK-activated protein kinase 2 pathways; inhibiting either pathway partially, and inhibiting both pathways simultaneously, completely abrogated CREB phosphorylation and activation (78) . However, currently, roles for CBP in Nrf2 nuclear translocation and for CREB in EpRE signaling are hypothetical. Collectively, ERK1/2 and p38MAPK are both involved in HNE-mediated Nrf2 nuclear translocation in L2 cells, but the underlying mechanism needs further investigation.
In this study, we also found that the nuclear content of another Nrf family member, Nrf1, was also increased by HNE stimulation (Figure 4 ). Nrf1 has been found to play a critical role in embryo development (79) , and is involved in the regulation of antioxidant genes, such as GCL (36, 37) . Nrf1 contains a Neh2 domain (Nrf2 associates with Keap1 through an Neh2 domain), suggesting that Nrf1 may also associate with Keap1 and be regulated in a manner similar to that in which Nrf2 is regulated. Indeed, as with Nrf2, ERK and p38MAPK are also involved in Nrf1 nuclear accumulation after HNE exposure. Examining the association between Nrf1 and Keap1 in vivo, using techniques such as ChIP assays, may provide further information on the mechanism of Nrf1 activation by ROS or electrophiles.
Aside from directly targeting Nrf2, stress signals can also regulate EpRE function by targeting Nrf2 partners or other EpRE binding proteins; for example, it was reported that Jun proteins (JunB, c-Jun, and JunD) were critical for EpRE-mediated human quinone oxidoreductase-1 gene induction in HepG2 cells (50) . In the present research, c-Jun was significantly increased in the nucleus after HNE exposure, and this could be partially decreased by inhibiting either ERK1/2 or p38MAPK, and completely blocked by inhibiting both ERK1/2 and p38MAPK ( Figure 4) . The transcription response of c-Jun is mediated by several cis elements, including ATF1, myocyte enhancer factor 2, and ATFc-Jun binding sites (80) (81) (82) . Although the intracellular pathways linking HNE to c-Jun transcription are not completely known, several reports have demonstrated that ERK and/or p38MAPK is involved in c-Jun expression (83-87) through phosphorylating and activating ATF1 (79, 85, 88) , myocyte enhancer factor 2 (87), and/or ATF2 (89, 90) .
In summary, we have identified the proteins that bind to EpRE of rat GP5, and the signaling pathways involved. In resting conditions, the EpRE complex included JunB, c-Jun, FosB, and Fra2; after HNE stimulation, the transcription factors in the complex were Nrf1/2, JunB, c-Jun, FosB, c-Fos, Fra1, and Fra2. The HNE induction of GGT mRNA V-2 is mediated through ERK and p38MAPK, which are responsible for the increased nuclear content of Nrf1/2 and c-Jun after HNE stimulation.
